The nontoxic B subunit of Escherichia coli heat-labile enterotoxin (EtxB) is a potent immunomodulatory molecule that acts both as an adjuvant and to stimulate immune deviation processes, resulting in the suppression of Th1-associated inflammatory responses. The ability of EtxB to alter immune reactivity is dependent on its ability to modulate immune cell function through binding to cell surface molecules, the principal receptor of which is the ubiquitous G M1 -ganglioside. EtxB activates B cells and antigen-presenting cells and induces the selective apoptosis of murine CD8 ؉ T cells. We postulated that these effects are mediated by the induction of intracellular signaling pathways following EtxB-receptor interaction. We have previously shown that CD8
Escherichia coli heat-labile enterotoxin (Etx) is composed of a single catalytically active A subunit (EtxA) and a pentameric B subunit (EtxB) that mediates receptor interaction and uptake of the toxin by target cells (34) . In addition to the welldocumented deleterious effects of the toxin, a wealth of data is accumulating suggesting that Etx can be used to modulate immune responses in a variety of beneficial ways (45) . In this regard, Etx is a highly potent adjuvant and has been used in a large number of experimental, mucosal vaccines. Importantly, the toxicity of the holotoxin does not appear to be a prerequisite for this activity, and detoxified and B-subunit preparations of Etx retain the ability to act as adjuvants (8, 14, 29) , at least when intranasal routes are used. Furthermore, recombinant preparations of EtxB act as immunomodulatory proteins capable of suppressing Th1-associated inflammatory processes in vivo (45) . These findings have led to investigations of the ability of EtxB and the related cholera toxin B subunit, CtxB, to prevent and treat autoimmune processes in animal models of disease (23, 35, 36, 46) .
In an attempt to understand the in vivo immunomodulatory properties of the cholera-like enterotoxins, a number of studies have documented the effects of Etx and Ctx and their subunits on immune cell function. Both CtxB and EtxB induce the activation of murine B cells in vitro, leading to enhancement of major histocompatibility complex class II and costimulatory molecule expression (12, 27) . EtxB stimulates monocyte interleukin-10 (IL-10) production, while it inhibits IL-12 production (41); these effects are also mediated by Ctx but not by CtxB (3, 6) . In contrast to these stimulatory properties, both EtxB and CtxB induce apoptosis of murine CD8 ϩ T cells (25, 26, 32, 40, 48) . Additional studies indicate that injection of CtxB into mice results in depletion of CD8 ϩ T cells from Peyer's patches, suggesting that these effects may also occur in vivo (9) .
The immunomodulatory activity of EtxB is dependent on binding to cell surface receptors, as evidenced by a failure of a non-receptor-binding mutant, EtxB(G33D), to induce any of the events described above. The principal receptor for both EtxB and CtxB is the ubiquitous ganglioside G M1 [Gal(␤1-3)GalNAc(␤1-4)NeuAc(␣2-3)Gal(␤1-4)Glc(␤1-1)ceramide] (45) . Both B subunits also bind ganglioside G D1b , while EtxB interacts with a number of additional receptors and galactoproteins for which CtxB has no affinity. Ganglioside G M1 is a principal constituent of glycolipid membrane rafts (4, 16, 21) . We have postulated that receptor interaction with EtxB alters raft-associated intracellular signaling pathways and consequently leads to the activation, differentiation, or death of target cells. In this regard, it has recently been reported that EtxB-mediated apoptosis of CD8 ϩ T cells results from receptor-dependent activation of NF-B and c-Myc (31, 33) . These events cause activation of caspases within the cells and proceed in a Fas-and p55 tumor necrosis factor receptor-independent pathway. Conversely, the activation of B cells by EtxB occurs as a result of phosphoinositide 3-kinase-and protein kinase Cdependent Erk mitogen-activated protein kinase activation (2) .
Data from a number of groups have suggested that inhibition of caspase activity during apoptosis may be insufficient to prevent cell death. Inhibition of caspases following Fas signaling leads to the induction of necrotic, rather than apoptotic, cell death (24, 43) . Similarly, tumor necrosis factor-induced necrosis of L929 cells is enhanced in the presence of caspase inhibitors (42) . Furthermore, T-cell death induced by anti-CD2 antibodies or staurosporine does not require caspase activity (7) . Data from previous studies indicated that caspase activity was required for the induction of DNA fragmentation during EtxB-induced apoptosis of CD8 ϩ T cells (31, 32) . However, it is not clear whether the activation of caspases via NF-B is the only signal triggered by EtxB in CD8 ϩ T cells and whether the fate of the cells is dependent upon this.
MATERIALS AND METHODS

Animals.
Female NIH mice were purchased from Harlan-Olac (Bicester, United Kingdom) and were maintained in the departmental animal facility. All mice were used when they were between 6 and 12 weeks old.
Preparation of recombinant EtxB. Recombinant EtxB and Etx(G33D) were purified from culture supernatants of Vibrio sp. strain 60(pMMB68) and Vibrio sp. strain 60(TRH64) as previously described (29) .
Isolation of murine CD8 ؉ T lymphocytes. Murine mesenteric lymph nodes were isolated as previously described (26) . For purification of CD8 ϩ T cells, cells were washed in phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin and 5 mM EDTA prior to addition of specific antibodies conjugated with MACS colloidal superparamagnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Mesenteric lymph node cells were labeled with anti-CD4 and anti-CD45R microbeads, and cell suspensions were applied to VS selection columns (Miltenyi Biotec). The negative fractions, containing CD8 ϩ T cells, were eluted. The purity of CD8 ϩ T-cell populations was Ͼ90% as determined by flow cytometry.
Lymphocyte cultures. Cells were cultured at 37°C in 5% CO 2 in alpha-modified Eagle's medium supplemented with 4 mM L-glutamine, 100 IU of penicillin per ml, 100 g of streptomycin per ml, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, and 2% fetal bovine serum. Z-Val(OMe)-Arg-Asp(OMe)-fluoromethyl ketone (Z-VAD-FMK) and aminoguanidine (both obtained from Calbiochem) were added to cells 1 h prior to the addition of B subunits. In all experiments EtxB and EtxB(G33D) were used at a concentration of 40 g/ml.
Flow cytometry. Staining with propidium iodide was performed as previously described (31) . For analysis of the mitochondrial membrane potential, cells were incubated with 50 nM 3,3Ј-dihexyloxacarbocyanine iodide [DiOC 6 (3)] (Calbiochem) for 20 min at 37°C and washed in PBS, and then fluorescence was measured on log scale FL1. Alternatively, tetramethylrhodamine ethyl ester (TMRE) (Molecular Probes, Eugene, Oreg.) was used to monitor mitochondrial dysfunction. Cells were incubated with 5 M TMRE for 30 min at room temperature and washed in PBS, and the fluorescence was measured on log scale FL2. For determination of cell viability, immediately prior to analysis, 7-aminoactinomycin D (7-AAD) (Sigma) was added to a final concentration of 1 g/ml, and viability was determined by examining dye exclusion by flow cytometry. For all flow cytometric analyses 10,000 events were collected and analyzed with a FACScan flow cytometer (Becton Dickinson, Oxford, United Kingdom).
Assessment of intracellular nitric oxide. A total of 1 ϫ 10 6 CD8 ϩ T cells were cultured in the presence of EtxB or under control conditions for 3 or 6 h in phenol red-free minimal essential alpha medium (GibcoBRL) supplemented with 4 mM L-glutamine, 100 IU of penicillin per ml, 100 g of streptomycin per ml, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, and 2% fetal bovine serum. Cells were then washed and resuspended in serum-free medium containing 2 M 4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein diacetate (Molecular Probes). Cells were incubated for 1 h at 37°C and then washed and resuspended in serum-free medium and incubated for a further 30 min. Finally, cells were washed and resuspended in PBS prior to analysis by flow cytometry.
Caspase activity assays. Assays for caspase 3-like (DEVDase) activity were performed as previously described (31) . Briefly, 5 ϫ 10 6 CD8 ϩ T cells were incubated in the presence of EtxB, EtxB(G33D), or PBS alone for 15 h, and then they were lysed in buffer A (50 mM EDTA [pH 8], 250 mM sucrose, 1% NP-40, 1 mM dithiothreitol, and protease inhibitors). The caspase 3-like activity of lysates was assessed by measuring specific cleavage of the substrate Ac-Asp-GluVal-Asp-aminomethyl coumarin (Biomol Research Laboratories, Plymouth Meeting, Pa.) at excitation and emission wavelengths of 380 and 460 nm, respectively.
Western blotting. For preparation of whole-cell extracts 5 ϫ 10 6 cells were lysed in lysis buffer A (10% [vol/vol] glycerol, 50 mM Tris [pH 7.7], 1% Triton X-100, 150 mM NaCl, 5 mM EDTA [pH 8.0], 1 mM Na 3 VO 4 , 10 mM NaF, 1 mM Na 3 MoO 4 , 1 mM phenylmethylsulfonyl fluoride, 5 g of leupeptin per ml, 2 g of aprotenin per ml, 1.4 g of pepstatin per ml, 20 g of soybean trypsin inhibitor per ml). Lysates were centrifuged at 14,000 ϫ g for 30 s, and insoluble material was removed. Alternatively, cells were lysed in a solution containing 0.1% (wt/ vol) saponin, 1 mM phenylmethylsulfonyl fluoride, 5 g of leupeptin per ml, 2 g of aprotenin per ml, 1.4 g of pepstatin per ml, and 20 g of soybean trypsin inhibitor per ml. Lysates were centrifuged at 14,000 ϫ g for 15 min, and the resulting supernatant was considered the cytoplasmic fraction. Subsequently, the remaining membrane proteins were solubilized in lysis buffer A, as described above. Samples were resolved by sodium dodecyl sulfate-15% (vol/vol) polyacrylamide gel electrophoresis, and proteins were transferred to nitrocellulose membranes. To monitor protein loading, the membranes were stained with Ponceau S stain (Sigma). The membranes were blocked in 5% bovine serum albumin-0.05% Tween 20 (Sigma) and then probed with 0.6 g of anti-PARP monoclonal antibody per ml, 0.5 g of anti-Bax or anti-Bcl-2 monoclonal antibodies per ml, or 1 g of anti-caspase 3 polyclonal antibody per ml (all antibodies were obtained from R&D Systems, Abingdon, United Kingdom). The membranes were washed and then probed with a 1:10,000 dilution of horseradish peroxidase-conjugated secondary antibodies (DAKO, Glostrup, Denmark). The membranes were washed, and the protein bands were visualized by ECL chemiluminescence (Amersham International, Little Chalfont, United Kingdom).
RESULTS
A broad-spectrum caspase inhibitor prevents EtxB-induced nuclear apoptosis but does not inhibit B-subunit-induced cell death. In order to investigate caspase-independent signaling in CD8 ϩ T cells, it was important to determine the effects of blocking caspase activation on the cells. CD8
ϩ T cells were purified and incubated in the presence of EtxB, EtxB(G33D), or PBS for 15 h, and caspase (DEVDase) activity was assessed. Cultures to which EtxB was added showed a marked increase in DEVDase activity (Fig. 1A) . In contrast, the activity in cultures treated with EtxB(G33D) was equivalent to the control activity. In order to determine whether enhanced DEVDase activity was associated with activation of caspase 3, CD8 ϩ T cells were treated with EtxB for 15 h, cell lysates were prepared, and Western blotting was performed. EtxB clearly induced cleavage of the p32 proform of caspase 3 into active p17 forms, which is consistent with a role for this enzyme in the apoptotic pathway (Fig. 1B) . Preincubation of CD8 ϩ T cells with the broad-spectrum caspase inhibitor Z-VAD-FMK completely abrogated EtxB-induced hypodiploidy in a dose-dependent manner (Fig. 1C) . Background levels of DNA degradation were also inhibited in the presence of this inhibitor. The DEVDase activity of lysates prepared from EtxB-treated cells was also abrogated by preincubation of cells with Z-VAD-FMK (data not shown).
Poly(ADP-ribose) polymerase (PARP) is an enzyme that is thought to be involved in DNA repair mechanisms (22) . Cleavage of PARP into 85-and 24-kDa fragments is a characteristic of apoptosis and is mediated primarily by caspases 3 and 7 (10, 39) . Cleavage of PARP abrogates its enzymatic activity and may play an important role in nuclear destruction during apoptosis. Western blotting experiments indicated that incubation of CD8 ϩ T cells with EtxB for 24 h resulted in cleavage of PARP into ϳ24-kDa fragments (Fig. 1D) . Importantly, preincubation of CD8 ϩ T cells with 50 M Z-VAD-FMK completely prevented PARP cleavage.
In order to ascertain whether inhibition of caspase activity was sufficient to inhibit cell death, CD8
ϩ T cells were preincubated with 50 M Z-VAD-FMK for 1 h and then treated with PBS or EtxB for 24 h. Viability was assessed by determining the ability of cells to exclude the vital dye 7-AAD. In contrast to the effects on hypodiploidy, preincubation of cells with the caspase inhibitor did not have an effect on the de-
on April 29, 2016 by guest http://iai.asm.org/ crease in the viability of cells incubated in the presence of EtxB (Fig. 1E ). Similar data were obtained when cells were pretreated with an additional pancaspase inhibitor, Boc-D-fluoromethyl ketone, or the caspase 3 selective inhibitor Z-DQMD-fluoromethyl ketone (data not shown). Taken together, these data confirm that EtxB induces caspase activity and that this activity is essential for the cleavage of PARP and the induction of DNA degradation in the subsequent apoptotic pathway. However, inhibition of caspase activity does not prevent EtxB-induced cell death. Importantly, EtxB(G33D) did not induce any of these events, indicating that there was a requirement for receptor-binding activity (Fig. 1A and C and data not shown).
EtxB induces caspase-independent loss of mitochondrial membrane potential. Loss of mitochondrial function is a feature of both apoptotic and necrotic cell death (19) . Maintenance of an electrochemical gradient (⌬ m ) across the mitochondrial inner membrane is essential for driving ATP synthesis during respiration. Loss of ⌬ m can be measured by using the lipophilic cationic fluorochrome DiOC 6 (3); a decrease in the fluorescence intensity of DiOC 6 (3) is interpreted as an indication of ⌬ m dissipation (19) . Incubation of CD8 ϩ T cells with EtxB for 24 h, followed by DiOC 6 (3) staining and fluorescence-activated cell sorting (FACS) analysis, indicated that EtxB treatment induced the loss of ⌬ m . Approximately 85% of the cells incubated with EtxB exhibited a reduced level of DiOC 6 (3) staining, compared to only 30% of the control or EtxB(G33D)-treated cells (Fig. 2A) . Importantly, this process was not inhibited by preincubation of cells with 50 M Z-VAD-FMK (Fig. 2B) , indicating that caspases were not required for the changes. Kinetic analyses showed that the loss of DiOC 6 (3) staining induced by EtxB was rapid, and differences between control and EtxB-treated cell cultures were apparent within 3 h (Fig. 2C) . Previous studies indicated that activation of caspases in EtxB-treated cells does not occur until after approximately 12 h of culture, further suggesting that these events are separate events.
Recent findings have suggested that DiOC 6 (3) can itself inhibit cell respiration, lowering the ⌬ m , and that decreased levels of fluorescence under some circumstances are an indicator of changes in plasma membrane permeability which allow dye leakage rather than an indicator of mitochondrial depolarization (30) . Therefore, we carried out experiments to confirm the results obtained with DiOC 6 (3) using an alternative dye, TMRE. TMRE has not been reported to have any toxic effects on mitochondrial activity and is considered to be less affected by plasma membrane changes (28) . Cells were preincubated with a caspase inhibitor, treated with EtxB or PBS alone for 6 h, and then were loaded with TMRE in order to assess ⌬ m . These experiments also indicated that EtxB induced a loss of mitochondrial membrane potential in the presence of caspase inhibitors, as shown by the loss of TMRE fluorescence (TMRE low (Fig. 3) . By contrast, EtxB(G33D) did not inhibit the loss of TMRE fluorescence (data not shown). The slightly higher number of TMRE low cells in the presence of Z-VAD-FMK was not a consistent observation in replicate experiments.
EtxB-induced ⌬ m dissipation is not associated with changes in the expression or subcellular localization of Bax or Bcl-2. We also tried to define the mechanisms leading to the loss mitochondrial integrity. The Bcl-2 family member Bax induces cell death by disrupting the mitochondrial membrane (17) . Disruption of the mitochondrial membrane potential by Bax is caspase independent and is inhibited by Bcl-2 (47). Induction of cell death by Bcl-2 family members may depend on the relative levels of expression of pro-and antiapoptotic proteins (1) . Therefore, we assessed the levels of Bax and Bcl-2 expression in CD8 ϩ T cells by Western blotting. Our analyses indicated that the expression of both Bax and Bcl-2 was unaffected by incubation with EtxB over a 3-h period (Fig. 4A ). This time interval was sufficient for EtxB to induce dissipation of ⌬ m (Fig. 2C) , suggesting that this event was not triggered by changes in the absolute levels of expression of Bax or Bcl-2. However, the data indicate that the cellular localization of Bax controls its prodeath activities. Thus, while Bax is generally a cytoplasmic protein, following induction of cell death the protein is redistributed to mitochondria (15) . Bcl-2 is localized to mitochondria in both viable and apoptotic cells (15) . We prepared cytoplasmic and membrane extracts from cells that had been incubated for 3 h in the presence or absence of EtxB and carried out Western blotting for Bcl-2 and Bax as described above. Bax was localized primarily in the cytosolic fractions, although a minor portion was present in membrane fractions (Fig. 4B) . Importantly, there was no difference in the distribution of Bax in control and EtxB-treated cells. As expected, Bcl-2 was localized solely to membranes in both control and EtxB-treated cells (Fig. 4B) . Together, these data indicate that the early dissipation of ⌬ m induced by EtxB is not associated with changes in the expression or subcellular localization of either Bax or Bcl-2 and is therefore likely to be independent of the action of either protein.
Role of nitric oxide synthase in EtxB-induced ⌬ m dissipation. The formation of free radicals is known to play an important role in cell death in a number of cell types (20, 38) . We sought to investigate the role of nitric oxide (NO) in EtxBinduced cell death using a flow cytometric assay for intracellular NO levels. CD8 ϩ T cells that had been treated with EtxB or PBS for 3 h were assayed for intracellular NO by using the dye DAF-FM. The data indicated that EtxB induced an increase in the level of intracellular NO, as shown by a clear shift in DAF-FM fluorescence (Fig. 5A) . By contrast, EtxB(G33D) had no effect on intracellular NO (data not shown). Furthermore, pretreatment of cells with Z-VAD-FMK did not prevent upregulation of NO production (Fig. 5B) , indicating that this effect of EtxB did not require caspase activity.
In order to determine the role of NO in EtxB-induced signaling, we used a potent inhibitor of nitric oxide synthase, aminoguanidine. Thus, CD8
ϩ T cells were preincubated with 50 M Z-VAD-FMK in the presence or absence of a range of doses of aminoguanidine, and they were then treated with PBS alone or EtxB for 5 h. Loss of ⌬ m was assessed following staining of cells with TMRE as described above. The data indicated that in the presence of caspase inhibition, aminoguanidine inhibited ⌬ m dissipation in a dose-dependent fashion (Fig. 6) . Following preincubation of cells with 10 mM aminoguanidine, the level of TMRE low -stained cells in an EtxBtreated culture was similar to background levels. Aminoguanidine also inhibited the loss of TMRE fluorescence in control cultures. Flow cytometry revealed that preincubation of cells with aminoguanidine did not affect the levels of EtxB binding (data not shown). Therefore, the data suggest that EtxB-induced ⌬ m dissipation is mediated via activation of nitric oxide synthase (NOS) in CD8 ϩ T cells.
DISCUSSION
These studies showed that receptor cross-linking by EtxB triggers multiple processes within CD8 ϩ T cells that lead to cell death. In addition to the cascade that was previously reported to lead to caspase-dependent apoptosis of the cells, EtxB causes loss of mitochondrial integrity in a NOS-dependent manner.
EtxB induces degradation of DNA and PARP in CD8 ϩ T cells following receptor interaction. The broad-spectrum caspase inhibitor Z-VAD-FMK inhibited both of these processes. However, this inhibitor did not prevent cell death or loss of ⌬ m . In parallel experiments, we tested the effects of additional broad-spectrum and enzyme-selective caspase inhibitors on EtxB-induced cell death and obtained very similar results (data not shown). While it is formally possible that EtxB treatment of CD8 ϩ T cells induces activation of a caspase that is not inhibited by Z-VAD-FMK, the results which we obtained with additional, structurally distinct inhibitors strongly support our view that caspase activity is responsible for the induction of nuclear apoptosis but not all features of cell death.
The loss of mitochondrial membrane potential in CD8 ϩ T cells, as measured by DiOC 6 (3) or TMRE staining and FACS analysis, was very rapid, and kinetic studies showed that ⌬ m dissipation was induced within 3 h. This is much more rapid than the activation of caspases during EtxB-induced apoptosis (31) . We reasoned that additional caspase-independent signals must be responsible for the effects of EtxB on mitochondria. Our data indicate that the early loss of ⌬ m induced by EtxB is not associated with changes in expression or localization of Bax and Bcl-2, suggesting that these proteins are not involved in this process. By contrast, treatment of cells with EtxB induced increased NO production, and additional experiments indicated that aminoguanidine abrogated EtxB-induced dissipation of ⌬ m , implicating NOS in this event. It is important that we also assessed the levels of cell death and loss of mitochondrial membrane potential at later times and that the data indicate that after 48 h of incubation, 100% of CD8 ϩ T cells underwent cell death in response to EtxB (data not shown).
Nitric oxide is a key mediator of physiological and pathological processes. The role of NO in cell death is particularly complicated, and this signaling molecule is known to have both pro-and antiapoptotic properties, depending on the cellular context, the concentration, and the source from which it is derived (38) . A low level of NO can be critical in maintaining cell viability, while high levels are directly toxic to normal mitochondrial function. In this regard, NO directly binds to and inhibits cytochrome oxidase, and NO derivatives, such as peroxynitrite, irreversibly damage mitochondrial complexes I, II, IV, and V (5). Constitutive low levels of NO are generated by NOS I and NOS III, whereas the high levels that function as a cytostatic or cytotoxic molecule are usually the result of the activity of inducible NOS (iNOS) (NOS II). Our data indicated that a NOS inhibitor potently inhibited ⌬ m dissipation, as measured after 6 h of culture in the presence of EtxB. The NOS inhibitor that we used in our studies, aminoguanidine, has been reported to be a selective iNOS inhibitor. The 50% inhibitory concentrations of aminoguanidine indicate that it is between 20-and 30-fold more effective at inhibiting iNOS than at inhibiting constitutive NOS depending on the substrate used in cell-free systems. However, the precise doses that inhibit iNOS and constitutive NOS are different in whole-cell assays and are likely to vary depending on the cell type studied. As a result, it is not possible to conclude whether the NO that triggered cell death in our experiments resulted from the enhanced activity of constitutive NOS or resulted from the generation of iNOS. At 6 h there were no differences in the levels of cell death between EtxB-and PBS-treated cell cultures. Unfortunately, culture of CD8 ϩ T cells overnight with NOS inhibitors triggered cell death, reflecting the critical role of NO in maintaining viability (data not shown). As a result, it was not possible to directly demonstrate that NOS was the cause of cell death following receptor interaction with EtxB. In this regard, while compromising mitochondrial function is a classical trigger of cell death, there is evidence that cells can recover from a transient loss of mitochondrial membrane potential (37) . Despite this, it is highly likely that in our system, compromised mitochondrial function as a result of NOS activity was the reason that the cells died. Following exposure to EtxB the mitochondrial membrane potential dropped rapidly and remained low throughout the period over which cell viability was lost.
How might EtxB trigger enhanced NOS activity within CD8 ϩ T cells? It is clear that regulation of both the expression and the activity of the three NOS isoforms is extremely complicated. Expression of NOS I is thought to be restricted to neuronal tissue. NOS III is classically referred to as endothelial NOS, but it is clearly also expressed by other cell types, including T cells (44) . While NOS I and NOS III are considered to be constitutively expressed proteins, data indicate that these isoforms are also regulated at the level of protein expression (11) . Furthermore, expression of iNOS can be differentially regulated by the same signal. In this regard, data indicate that cyclic AMP can have opposite effects on iNOS expression depending on the stimulus and cell type studied (13) . In addition, sites for multiple transcription factors, including NF-B, CREB and C/EBP, are known to present in the promoter regions of the (13) . Despite these complications, data indicate that activation of NOS I and NOS III is regulated by calcium signals (5). EtxB does not trigger calcium flux in CD8 ϩ T cells within 20 min, suggesting that it is not involved in the processes observed here. However, it is conceivable that low levels of Ca 2ϩ or late changes in the Ca 2ϩ level could be involved. Unfortunately, treatment with the calcium chelating agent 1,2-bis(o-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate is directly toxic to T cells, causing changes in mitochondrial membrane potential (R. Pitman, S. Fraser, R. Brownlie, and N. Williams, unpublished data). In addition, while we have reported that EtxB causes translocation of NF-B to the nucleus and upregulates its transcriptional activity, a potent inhibitor of NF-B activation, SN50, did not block mitochondrial membrane changes or cell death (data not shown). This suggests that if cell death results from upregulation of iNOS, then this occurs in an NF-B-independent manner. As a result of these findings, the mechanism by which EtxB triggers NO production remains a focus of investigation. For this purpose it would be interesting to study the effects of EtxB on CD8 ϩ T cells derived from mice genetically modified to be deficient in specific NOS isoforms. Similarly, in future experiments the requirement for specific caspases in EtxB-induced nuclear apoptosis could be analyzed by using caspase knockout mice.
Although NF-B may not be involved in regulating alterations to NOS activity in EtxB-treated CD8 ϩ T cells, previous studies demonstrated that NF-B is an upstream mediator of caspase activation in EtxB-induced apoptosis (31). Thus, it was shown that a peptide inhibitor of NF-B inhibited DEVDase activation and hypodiploidy in EtxB-treated cells, while more definitively, EtxB-induced apoptosis was abrogated in cells from transgenic mice expressing a dominant negative version of the I-B protein. This indicates that following receptor binding, EtxB triggers two distinct signaling pathways: (i) an NF-B/caspase-dependent pathway that results in nuclear degradation and apoptosis, and (ii) a caspase-independent pathway, mediated via the activation of NOS, that induces mitochondrial dysfunction.
In conclusion, the data presented in this paper demonstrate that receptor binding by EtxB induces caspase-dependent and -independent events that contribute to CD8 ϩ T-cell death. Furthermore, our findings provide additional evidence for the emerging paradigm indicating that inhibition of caspases following a proapoptotic insult may be insufficient to prevent cell death. The finding that EtxB triggers upregulated NOS activity is of interest in the context of the ability of this molecule to modulate immune responses. NO is a potent inhibitor of IL-2 and gamma interferon production and has been shown to enhance IL-4 expression (18) . It is interesting that administration of EtxB in vivo potently suppresses gamma interferon production in autoimmune disease models (23, 46) . Furthermore, the adjuvant activity of EtxB is associated with downregulation of Th1-associated antibodies and upregulation of Th2-dependent immunoglobulin G subclasses (29) . Studies which investigate the role of NO in mediating the immune modulation by EtxB would therefore be of considerable interest. 
